Following Cui et al. (2018) (hereafter Paper I) on the classification of large-scale environments (LSE) at z = 0, we push our analysis to higher redshifts and study the evolution of LSE and the baryon distributions in them. Our aim is to investigate how baryons affect the LSE as a function of redshift. In agreement with Paper I, the baryon models have negligible effect on the LSE over all investigated redshifts. We further validate the conclusion obtained in Paper I that the gas web is an unbiased tracer of total matter -even better at high redshifts. By separating the gas mainly by temperature, we find that about 40 per cent of gas is in the so-called warm-hot intergalactic medium (WHIM). This fraction of gas mass in the WHIM decreases with redshift, especially from z = 1 (29 per cent) to z = 2.1 (10 per cent). By separating the whole WHIM gas mass into the four large-scale environments (i.e. voids, sheets, filaments, and knots), we find that about half of the WHIM gas is located in filaments. Although the total gas mass in WHIM decreases with redshift, the WHIM mass fractions in the different LSE seem unchanged.
INTRODUCTION
In the early Universe, matter is thought to have been distributed almost homogeneously, with very small fluctuations in the density field. These "initial condtions" are primarily evidenced by the smoothness of the CMB and the power spectrum of its inhomogenities amounting to roughly one part in 10 5 . Due to the nature of gravitational instability, small over-densities in the matter distribu-E-mail: wcui@roe.ac.uk tion are able to overcome the cosmological expansion and collapse to form potential wells, that may virialize into so-called dark matter halos (see White & Rees 1978, for example) . If the matter budget of the Universe is dominated by Cold Dark Matter (CDM), then smaller dark matter halos attract each other and merge together to form larger halos, growing according to a hierarchical scenario (e.g. Davis et al. 1985) . Therefore, the Universe's largest structures are dynamically young, having either completed their merging recently or are, in fact, still in the process of growing (for example Planelles et al. 2015) .
There are a number of ways to qualitatively and quantitatively characterise the large-scale environment (LSE) of galaxies and dark matter haloes (e.g. Stoica et al. 2005; Hahn et al. 2007; Zhang et al. 2009; Sousbie 2011; Hoffman et al. 2012; Cautun et al. 2013; Leclercq et al. 2016 and see Libeskind et al. 2018 for a review of these). One class of methods is based on the construction of tensors which characterise the tidal field, specifically the Hessian of the potential (P ) or the velocity shear (V ). Such methods segment space into four dynamically distinct environments: knots, filaments, sheets, and voids. Following Hahn et al. (2007) and Hoffman et al. (2012) , we applied both methods to classify the LSE in Cui et al. (2018) (hereafter Paper I), which showed consistent results between the two methods.
Pushing our previous analysis (Paper I) into high redshifts, we are able to present a full picture of how the LSE forms and evolves. Further, the next generation of telescopes, such as the Square-Kilometre Array 1 (SKA), will be able to probe HI galaxies out to redshift z ≈ 2 (Abdalla et al. 2015) . The Hot Universe Baryon Surveyor 2 (HUBS) is designed to probe the warm-hot intergalactic medium (WHIM) through a soft X-ray telescope and will be able to map the warm-hot gas on large scales. In Paper I, we found that the gas web is an unbiased tracer of the dark matter web. Is this statement still valid at high redshift? And how are the baryons distributed in these LSE?
In the literature, Cautun et al. (2014) studied the evolution of the cosmic web with the NEXUS code. Using a dark-matter-only simulation, they found that the cosmos is dominated by tenuous filaments and sheets at early times. During subsequent evolution, after the first small structures merge together, the present-day web is dominated by fewer, but much more massive, structures. Using hydro-simulations with cooling, but no star forming nor feedback schemes, Zhu & Feng (2017) investigated the evolution of the cosmic web. They found that sheets appear early; filaments supersede sheets as the primary collapsing structures from z ∼ 2 − 3. They further found that there is relatively less baryonic matter residing in filaments and knots compared with dark matter. In the recent work of Martizzi et al. (2018) , they applied the tidal tensor method to the Illustris-TNG simulation (see Springel et al. 2018 , for example) and found the WHIM to be the dominant baryon mass contribution in filaments and knots at redshift z = 0, but declines faster at higher redshifts (z > 1). Here we are going to revisit this issue, however, using a velocity based technique (i.e. V ) to define the LSE. This paper is organised as follows: we first briefly present the suite of hydro-simulations as well as the sub-grid models ( § 2), and then describe the cosmological structure classification method used for this work -the Vweb ( § 3). In Section 4 we present our findings on the evolution of these large-scale structures as well as the baryon distributions. Finally, we summarise our conclusions and comment on the results in § 5.
THE COSMOLOGICAL SIMULATIONS
The same series of three cosmological simulations presented in Paper I are used in this work. These simulations, which share the same initial conditions with box-size 410 h −1 Mpc and 2 × 1024 3 particles, use a flat ΛCDM cosmology, with cosmological parameters of Ω m = 0.24 for the matter density parameter, Ω b = 0.0413 for the baryon contribution, σ 8 = 0.8 for the power spectrum normalisation, n s = 0.96 for the primordial spectral index, and h = 0.73 for the Hubble parameter in units of 100 h km s −1 Mpc −1 . The masses of gas and DM particles have a ratio such that to reproduce the cosmic baryon fraction, with m g = 7.36 × 10 8 h −1 M and m D M = 3.54 × 10 9 h −1 M , respectively. Gravitational forces have been computed using a Plummer-equivalent softening length which is fixed to PL = 7.5h −1 physical kpc from z = 0 to 2, and fixed in comoving units at higher redshift. The simulations were run with the TreePM-SPH code GADGET-3, an improved version of the public GADGET-2 code (Springel 2005) . We refer to the dark-matter-only simulation as the DM run. The two hydrodynamical simulations both include radiative cooling, star formation and kinetic feedback from supernovae. In one case, we ignore feedback from AGN (which is referred to as the CSF run), while in the other we include it (which is referred to as the AGN run). Radiative cooling for gas is computed for non-zero metallicity using the cooling tables by Sutherland & Dopita (1993) with an evolving ultraviolet background. Star formation and supernova feedback with chemical enrichment are fully described by Tornatore et al. (2007) . The model of AGN feedback used in the AGN run is the same as that adopted by Fabjan et al. (2010) , which has optimised the parameters for galaxy cluster simulations. Interested readers are referred to Cui et al. (2012 Cui et al. ( , 2014 for details on the baryon models of these simulations, and to Cui et al. (2016 Cui et al. ( , 2017 for details on the statistical samples of galaxy clusters from them. In this work, we only focus on four distinct redshifts, i.e. z = [2.1, 1.0, 0.6, 0.0]. We understand that our resolution is much lower than the one employed in the latest hydrodynamical simulations. However, this set of simulations have a much larger volume which suits for our LSE studies.
WEB CLASSIFICATION METHOD -VWEB
Following Paper I, we apply the shear tensor technique V to classify the LSE of the three simulations in this work.
The velocity shear tensor is used to classify the cosmological space into different environments. Following Hoffman et al. (2012) , this tensor is defined as
where, H 0 is the Hubble constant. The eigenvalues of Σ αβ are denoted as λ i (i = 1, 2 and 3). In practice, the computation of the eigenvalues for the matrix is performed on regular 256 3 grids, corresponding to a cell size of comoving ∼ 1.6 h −1 Mpc. The velocity of all kinds of particles is assigned to the nearby mesh points using the triangular-shaped cloud (TSC) method. Further, a top-hat smoothing is applied to these cells. For the particular analysis of gas webs, we only use the velocities from gas particles. Then, the velocity shear tensor is calculated for each grid cell by taking derivatives from nearby cells. At last, the eigenvalues of Σ αβ for each cell are given by matrix elements calculated in the previous step. The velocity or density field estimated with different methods (as discussed in Hahn et al. 2015; Cui et al. 2008 , respectively) may lead to unacceptable levels of noise and biases. However, the large cell size and additional smoothing should be able to provide us with a robust velocity field in the real space, thereby a reliable shear tensor.
As shown in the Paper I, this cell size does not play an important role. The relative mass and volume fraction differences between the three investigated numbers of cells (128 3 , 256 3 , 512 3 ) are basically within 10 per cent (see Martizzi et al. 2018 , for similar results). We also note here that the mesh size should larger than the mean size of the objects found in the simulation to avoid the interiors.
Each individual cell is then classified as either 'void', 'sheet', 'filament', or 'knot' according to the eigenvalues λ 1 > λ 2 > λ 3 :
1. void, if λ 1 < λ th , 2. sheet, if λ 1 ≥ λ th > λ 2 , 3. filament, if λ 2 ≥ λ th > λ 3 , 4. knot, if λ 3 ≥ λ th , where λ th is a free threshold parameter Libeskind et al. 2012 Libeskind et al. , 2013 . Following the discussion of Carlesi et al. (2014) , we set λ th = 0.1, which presents better agreement to the visualised density field. As the gas and dark matter generally share the same velocity field, the same threshold (λ th = 0.1) is used for the gas component in the V code. Whether λ th depends on redshift or not is still unclear. Zhu & Feng (2017) tried different redshift evolution of the λ th (z) and argued that the results are in quantitatively agreement with a fixed λ th . Similarly Libeskind et al. (2014) showed that the directions of the shear tensor eigen-vectors are only weakly dependent on redshift. Therefore, we adopt the same value of λ th at all our investigated redshifts for simplicity.
RESULTS

Redshift evolution of the LSE
We first illustrate slices of projected LSE classified by the V method in Fig. 1 . Each slice has a thickness of one cell size (∼ 1.6 h −1 Mpc). Each cell in this projection plot corresponds to one pixel of the image. The three different runs (DM, CSF, and AGN) show an almost identical classification of the LSE at each redshift. This is not surprising as baryon processes normally leave more influences on scales smaller than the cell size used here to classify the cosmic web. While the result at z = 0 already are in very good agreement (see Paper I, for details), we expect even fewer differences between the three runs at higher redshift because the mass distribution is less clustered and hence more similar. It is clear from the density evolution (seen in the bottom row of Fig. 1 ) that the material is condensing into filament and knot environments. However, qualitatively these LSE show less evolution visually (cf. three upper panels). This could be due to the fact that our classification scheme is less sensitive to spatial distributions (see the volume fraction evolution in subsection 4.1.2). Similar results have been found by Martizzi et al. (2018) who used the tidal tensor method. We note here again that the same threshold (λ th = 0.1 for V ) is applied over all redshifts.
The evolution of the λs
In order to better quantify differences in the LSE and its redshift evolution, we present the evolution of the distributions of the three eigenvalues from the V method, which are directly used for classifying the LSE. Note, the evolution of these three λs is directly responsible for any changes in the classification of the LSE. Actually, previous theoretical works (see Doroshkevich 1989 , for example) in linear scales has predicted that the λ 1 corresponds to the formation of the "pancakes" in the high-z, the three direction contraction corresponds to the smallest eigenvalue, λ 3 with the maximum value of λ 3 determines the condensation of the clusters. Furthermore, the divergence of the velocity field is proportional to the sum of the three eigenvalues in linear regimes (e.g. Bernardeau & van de Weygaert 1996) . The evolution of the three eigenvalues directly reflect the changes in the velocity field. The resulting probability distribution functions (PDFs) can be viewed in Fig. 2 . The three simulations runs, which are shown by different line styles have almost the same PDFs for the three λs at the different redshifts. In agreement with the results shown in Fig. 1 , the baryon models have almost no influence on the LSE, i.e. the PDFs for DM, CSF, and AGN are practically indistinguishable (see the residuals in the lower row of Fig. 2) . Further, the overall shape and the peak position of these PDFs for all three λs show a very weak redshift evolution, apart from the tails, where the maximum values of λ 1 and λ 2 increase as redshift decreases. But there is almost no change for the minimum values. Because the classification of void is solely depending on λ 1 (i.e. λ 1 < λ th for void), the left panel clearly indicates a less significant redshift evolution from redshift z = 2.1 for the volume fractions of the LSE (see also Martizzi et al. 2018 ) with a negligible contribution from the baryon models. The width of the PDF for λ 3 gets broader as redshift decreases, i.e. the maximum value increases and the minimum value decreases. This indicates that more matter is flowing into the knot environment.
The evolution of the mass and volume fractions
In Fig. 3 we further explore the redshift evolution of the LSE by showing the mass (left panel) and volume fraction (right panel) of each web type (i.e. knot, filament, sheet, void) as a function of redshift. The error bars are estimated as this: the whole simulation box is equally separated into 8 small boxes with size of 205 h −1 Mpc; these fractions (e.g. mass fraction, volume fraction) are calculated individually in each sub-box; the error of each fraction is the standard deviation of the 8 sub-box.
For the knots environment, its volume fraction is always around 2 per cent, while its mass fraction increases towards ∼ 10 per cent at z = 0. The volume fraction for the filament environment remains unchanged at the level of ∼ 20 per cent with a slightly lower fraction at z = 0. On the other hand, the filament's mass fraction increases from about 30 per cent at z = 2.1 to ∼40 per cent at z = 0.0. As for the sheet environment, both its corresponding mass and volume fractions decrease with decreasing redshift. As expected from theoretical studies, the void environment occupies most of the space, but looses its mass as matter flows from low-density to highdensity regions. The overall evolution of the LSE we obtain here is similar to the findings of Cautun et al. (2014) ; Zhu & Feng (2017) ; Martizzi et al. (2018) who used different classification methods and different values of the threshold λ th . We do not expect an exact match to their results because these fractions precisely depend on the classification method, smoothing scales, etc. (see more discussions in Libeskind et al. 2018) .
Even tough it is already clear from the top panels that these fractions are very close to each other when considering the three DM, CSF, and AGN runs, we further quantify the relative differences between the two hydro runs and the DM run in the lower panels by dividing the fractions for each web type and in each hydro model by the value for that web type in the DM run. At z = 0, both mass and volume fractions in the knot environment show the largest disagreement, around 2 per cent, which is negligible. The difference in other environments at z = 0 and the fraction differences in all environments at z > 0 are within 1 per cent. This is mainly because knot environments are the densest and are thus most susceptible to the dynamics of the baryons.
In agreement with previous figures, the baryons leave almost . Projected large-scale structures as obtained with the V method from a slice of the whole simulation box (410 h −1 Mpc along each side) of ∼ 1.6 h −1 Mpc thickness (one cell size): knots, filaments, sheets and void regions, which are shown in red, green, blue and black, respectively. The four columns, from left to right, show the results at z = 0.0, 0.5, 1.0, 2.1, respectively. The different simulation runs, DM, CSF and AGN are shown from the first to the third row. The bottom row shows the density from the AGN run at each redshift. no effect on both fractions over all investigated redshifts. We note here that the error bars in these fractions are generally very small, only a few percents for the largest value. These fraction differences are even smaller at higher redshifts, which can be understood as the accumulation of baryon processes and the matter distribution is identical at the initial redshift for the three simulations. Furthermore, as redshift increases, the fixed co-moving scale examined here (∼ 1.6 h −1 Mpc) represents a quasi-linear length scale, especially with respect to the density field. This can be seen by examining the rms of the density field computed on this scale at z = 2 and at z = 0 (δ rms ≈ 0.8 and δ rms ≈ 3.0, respectively, see Fig. 4 of Libeskind et al. 2014) .
Consistency between the dark-matter and gas cosmic web
One important finding of Paper I is that gas filaments are an unbiased tracer of the large-scale structures -at least at redshift z = 0 (see the right column of Fig. 5 in there) . Therefore, it is interesting to ask Upper row: probability distribution function (PDF) of the three λ parameters from the V method. Lower row: the residual with respect to the DM run. As indicated in the legends inside the middle and right panels, different line style histograms indicate different simulation runs, and different colours show the results at different redshifts. The vertical dashed black line indicates the threshold λ t h = 0.1, which is applied to V to classify the large-scale structures. It is clear that λ 1 and λ 2 show some redshift evolution at their high value end. Weak redshift evolution for λ 3 can be seen at both maximum and minimum value ends. We highlight their peak position in the insets shown in each plot. The peak positions and the distributions around the peak show very weak redshift evolution. As indicated in the lower panel, besides the very large scatter at the tail of these PDFs, the differences between the three runs are negligible for all the redshifts and λs.
whether that conclusion is still valid at high redshift or not. We now extend our previous analysis to higher redshifts and show in Fig. 4 the relative difference for the mass (left-hand side panel), volume (middle panel) and consistency (right-hand side panel) fractions between the results from the gas-only component and the results from total matter. The consistency fraction is defined as the number of cells that are identified as the same web type in both the gas-only and total matter results divided by the the total number of cells in that web environment found by considering the total matter result. This consistency level best quantifies how the two results agree with each other.
In the left panel, the ratio (the mass fraction classified by the gas component divided by the mass fraction computed from the total matter) for void and sheet environments is always greater than unity (from ∼ 1 per cent to 5 per cent, depending on the redshift). This could be because the gas is more smoothly distributed at semi-linear scale (such as the cell size used in this paper) than the collision-less dark matter. Gas follows dark matter to drop into its potential. However, it has additional supports from the pressure to slow down its clumpiness. Therefore, if only the gas component is used to classify the LSE instead of the total, which is dominated by dark matter, more gas tends to be assigned into void and sheet environments, leaving a lower amount allocated in the knot and filament environment. Consistently, the volume fraction is also tiny higher in the void and sheet environments. Nevertheless, it is worth to note that these fractions are very small, which is almost negligible. The agreement (within 1 per cent) for the mass fractions in filaments, sheets and voids becomes better at high redshift, but not for the mass fraction in knots where the relative difference is at about 3.5 -5 per cent. For all ratios, the error bars are very small which indicates these results are robust.
Unlike the ratio for the mass fraction, the volume ratios in the middle panel show no clear redshift evolution. Besides the volume fraction ratio in the knot environment (from the CSF run at z = 0 and from the AGN run at higher redshift), the difference is much smaller than the mass fraction differences, within about 2 per cent.
The consistency fraction in the right panel is always smaller than 1, which means that the same LSE are identical with both classifications from gas-only component and total matter. It is clear that there is a better agreement at higher redshift for all LSE. Again, the knot environment shows the largest disagreement compared with the other environments. This is because baryon physics plays a more important role in denser environments and on smaller scales. This is especially true for the AGN run, because the gas distribution in knot environments is largely affected by AGN feedback.
Interestingly, for the filament environment, both mass and vol- ume difference fractions are very small (within about ∼ 2 per cent), which is similar to the z=0 results. Over 95 per cent of the cells are cross identified in the gas-only filaments and total matter filaments. These fractions and the consistency ratio show better agreement at higher redshift. Therefore, we can conclude that our previous finding, i.e. that the gas component is an unbiased tracer of the large-scale structure, as expected, is still valid for all redshiftswith an even better agreement at the highest redshift z=2.1.
The evolution and distribution of baryons
The baryons, which occupy less than 5 per cent of the total energy content in the Universe, are the only component of the Universe which can be directly observed. The gas component, which occupies about 90 per cent of total baryons (Nicastro et al. 2018) , can be roughly separated into: 1) cold gas (T < 10 5 K) in diffused or condensed environments; 2) warm-hot gas (10 5 < T < 10 7 ) in the intergalactic medium (WHIM); 3) hot gas (T > 10 7 ) mostly in halos (e.g. Davé et al. 2001; Cen & Ostriker 2006; Tornatore et al. 2010; Planelles et al. 2018) . It is believed that the WHIM, which is very hard to be detected, plays a central role to solve the missing baryon problem, namely the mismatch (about one-tenth) in the apparent baryon content between observations at low and high redshift (Persic & Salucci 1992; Fukugita et al. 1998; Cen & Ostriker 1999; Bregman 2007; Shull et al. 2012; Nicastro et al. 2018; Fang 2018, etc.) . Recent works by de Graaff et al. (2017); Tanimura et al. (2019) have applied different methods to search for the missing baryons and found that the WHIM tends to be located in the filaments and between pairs of merging systems. Therefore, in this Section, we detail the evolution and the distribution of baryons and hope to shed some light on this issue from the theoretical point of view.
We first investigate the cosmological baryon fractions in our two hydrodynamical simulations and compare them with the observational results from Nicastro et al. (2018) , which are presented in Table 1 . Our simulations give a similar WHIM mass fraction as the observations, but the cold gas fractions are a bit higher. The effect of the AGN feedback does not only reduce the total stellar mass by almost half of the CSF run (e.g. Planelles et al. 2013 ), but it also heats a certain amount of cold gas into the warm/hot phase. The difference of the warm/hot gas mass fraction between the our two simulations is much larger at the two middle redshifts. Therefore, it results in a larger difference in the cold gas fraction as well. This indicates that the AGN feedback plays a more important role (more powerful) at higher redshifts than at z = 0, when most of the AGN feedback is seized due to the galaxies being quenched in the simulation.
It is worth noting that the stellar mass fraction formed in the CSF run is comparable to Nicastro et al. (2018) . However, the simulation with AGN feedback, which is believed to be necessary to reproduce the correct stellar mass function, has much lower stellar mass fraction than that seen in observation. This contradiction found in the AGN run, hence such theoretical models (and their numerical implementation), implies that the subgrid baryon models are still challenging.
Compared to the results from Haider et al. (2016) , their WHIM fraction is about 12 per cent higher than ours with a much lower mass fraction (∼18 per cent) in cold gas. Note that their gas mass fractions are normalised to the total gas mass instead of total baryonic mass. Further, it is known that the AGN feedback in Illustris is even powerful that gives much more hot gas. Similarly, Martizzi et al. (2018) also report that the mass in the WHIM in Illustris is ∼23% larger than in IllustrisTNG.
The evolution of the gas density
We now examine the evolution and distribution of the gas in the simulation as well as in different LSE by showing its density PDF in Fig.5 . Instead of directly using the density of each gas particle in the simulation, we recalculate it inside each cell. 3 As it is well known, the distribution of density in the Universe is expected to be close to log-normal (see Coles & Jones 1991, and references therein) . The PDF of the log of normalized gas density therefore has its peak around 0 with a narrow width at z = 2.1. As redshift decreases down to zero, the PDF profile gets broader with the peak shifting to smaller values. This can be easily understood as the gas moves from low density regions (voids) to higher dense regions (knots), which will make the void regions even emptier (decreased min density value) and the knot region more compact (increased max density value). This behaviour is well known at least since the seminal work of Coles & Jones (1991) (although see Klypin et al. 2018 , for a modern view of the distribution of cosmic density), yet it is worth noting that the two hydrodynamical simulations share the same PDF distributions for low gas density. There is a very small discrepancy (slightly higher density in the AGN run than in the CSF run) at the higher density tail especially at low redshift. That could be caused by the AGN feedback stopping the star formation, leaving more gas inside the halos.
It is not surprising to see the gas with highest density tends to be located in the knot environment. From the filament to the sheet and the void environments, the PDFs of the gas density gradually shift from higher density to lower density with the most underdense gas located within the void region. Similar to the PDFs of total gas density, the curve of these PDFs in different LSE also have the shape of a log normal distribution with smaller widths at high redshift and broader widths at low redshift. The redshift evolution of these PDFs in different LSE is generally following the total PDFs at the corresponding density range.
Seeing from the lower panel, the AGN feedback seems to leave no influences on the low density gas from the total. The CSF run tends to have less high dense gas compared to the AGN run. This can be understood as the AGN feedback stops the star formation and has more gas left without condensed to stars. It is not surprising to see that the gas PDF in each environment basically follows the total PDFs. It is worth to note that the CSF run tends to have relatively more low-dense gas in the knot and filament environments than the AGN run. This is consistent with the previous explanation as the knot and filament environments can be strongly affected by the AGN feedback than sheet and void environments.
The evolution of the gas temperature
The distribution and evolution of the gas temperature, which is calculated as the mass-weighted mean in the cells, are presented in Fig. 6 . We only show the PDFs from the AGN run in upper row with the relative difference in the lower row. Similar to the total gas density PDFs, the total gas temperature distribution evolves along the redshift with a decrease of the peak (∼ 10 4 [k] at z=2,1) and an increase of both high and low temperature gas. In knot environment, we find a relatively larger spread of temperature than for the density due to the co-existence of the cold and hot gas in these regions. The gas temperature distribution in the filament environment is also rather wide. However, the low temperature gas starts to contribute more. In both sheet and void regions, the cold gas is the dominant component. There are very few cells with higher temperature > 10 6 K, especially at higher redshift.
Unlike the PDF for the gas density in Fig. 5 , there are clear 3 We use the same grid for the density calculation as already used for the cosmic web classification with V . Table 1 . The cosmological gas and stellar mass fractions in percentiles with respect to the total baryon mass. The fractions from the AGN run are shown in the first followed by the results in brackets from the CSF run. The results from Nicastro et al. (2018) are at z < 0.5. We further note here that the WHIM fraction from Nicastro et al. (2018) has a slightly different upper temperature limit (10 6.2 versus 10 7 ). The fractions from Haider et al. (2016) are coming from the Illustris simulation (Vogelsberger et al. 2014) . The same method introduced in Section4.1.2 is used to estimate these error bars.
Redshift hot gas WHIM cold gas star Nicastro et al. (2018) log( gas / gas ) 1 0 1 log( gas / gas ) 1 0 1 log( gas / gas ) Figure 5 . Upper row: PDFs of the gas density ρ in each cell at different redshifts and LSE; Lower row: the relative difference between the two runs. From left to right panels, we show the PDFs of the gas density (normalised by the mean) in knot, filament, sheet and void environments, respectively. Note that the thin lines are for the total gas density, which are identical for the same redshift in different panels. Different line colours represent different redshifts as shown in the legend in the top-right panel. The solid line shows the result from the AGN run while the dotted line is from the CSF run. The thick lines show the density PDFs (re-normalised by their numbers to match the PDF from the total gas PDFs) inside the corresponding LSE. The relative differences between the two runs are shown in the lower row by thin solid lines for the results from total gas and thick dotted lines for the results in each environment. This figure highlights the evolution and distribution of the gas density in the whole simulation as well as in the different LSE.
differences between the CSF and the AGN run. The AGN run tends to systemically have higher temperature gas (about a factor of 2 for T > 10 4 with redshift dependence) than the CSF run. While the CSF run exceeds the AGN run by orders of magnitude for the gas at temperature of ∼ 1000 K. Not surprisingly, the same level of disagreement between the two runs is also showing in each of our LSE. This indicates that the AGN feedback is more efficient in changing the gas temperature than the actual gas distribution.
The evolution of the gas phase diagram
We present the gas phase diagram at different redshifts in the four panels of Fig. 7 . The gas density -temperature distribution is separated into 4 different regions by the black vertical and horizontal lines. The vertical lines indicate the limitation of gas density for star formation. Star forming gas particles are assigned to the cold gas phase ignoring their temperature. The larger distribution of the temperature for the star forming gas is because the gas is treated as multi-phase, so as to provide a sub-resolution description of the interstellar medium. For our considered regions below the gas density limitation, the gas is simply separated by its temperature into three parts: hot gas, WHIM and cold gas. It is clear that the cold gas dominates the mass fraction at z = 2.1. As redshift decreases, more and more gas is heated up into the WHIM and hot region. Detailed fractions can be found in Table 1 . There are noticeable differences between the two runs, especially at high redshifts and in the low temperature region. This could be due to the fact that cooling in the CSF runs is more efficient without the feedback from AGN. It is interesting to see that the contours are in good agreement with the colour-map at z = 0. This means that the AGN feedback is again more powerful at higher redshift and becomes negligible after the galaxies are quenched.
The distribution of baryons in different environments
We now investigate how the gas phase diagram behaves in different LSE (shown by columns) and at different redshifts (shown by rows) in Fig. 8 . Note that the colour is normalised to the total gas mass to be consistent with Fig. 7 . Again, the colour-map is coming from the AGN run whereas the contours are for the CSF. The gas is separated into different parts by black lines. We refer to Table 2 for detailed fractions in each LSE and redshift. At z = 0, voids contain mainly cold gas; sheets are also dominated by cold gas, but there is a similar amount of WHIM; filaments have the largest portion of WHIM with a small fraction of cold gas; knots host the largest amount of hot gas with a small fraction of WHIM. As redshift increases, there is less and less WHIM and hot gas in the void as indicated by the colour map shrinking towards the lower temperature region. A similar conclusion can be drawn for the sheet environment for which the WHIM is also visibly decreasing, especially from z = 1.0 to z = 2.1. The WHIM dominates filament environments at z = 0, but its total amount also decreases with an increase of the cold gas fraction, especially from redshift z = 1 to z = 2.1. In the knot environment, the majority of gas remains at the warm/hot phase with a temperature of about 10 7 K until z = 1.0, whereas it is taken over by the cold gas at z = 2.1. This is because both the total WHIM and hot gas decrease very fast from redshift z = 1 to z = 2.1 (see Table 1 for details). Besides the difference at the lower temperature region between the two runs, which is already discussed in the previous subsection, the effect of AGN feedback is negligible.
We further detail the fractions of total gas, hot gas, WHIM, cold gas and stars by separating them into different LSE in Table 2 . For each gas component and stars, the fraction is normalised to their total mass in that baryon component, i.e. the sum of the fractions in the four LSE is equal to unity. At z = 0, it is clear that the majority of the gas can be found in sheet and filament environments. The hot gas is mainly divided between filament and knot environments. About half of the WHIM gas is located in filaments, followed by sheets (∼30 per cent). About half of the cold gas is in sheets, the other half is almost equally assigned to filaments and voids. Most stars are in filaments (about 44 per cent), sheets (33 per cent) and knots (15 per cent).
From low to high redshift, more and more (total) gas is found in sheets. This is the essence of structure formation: gas flows from voids to sheets then filaments and finally nodes. Therefore, towards lower redshifts, more and more gas flow into filaments and nodes. The stellar fraction increases mainly in filaments when moving backwards in time, indicative of star formation primarily taking place in filaments at redshifts for which the star formation rate peaks. The hot gas tends to shift from filament towards knot where feedback is prominent. The fractions of WHIM seem stable over redshift with always over half of them in filament. Similar to the WHIM, the fractions for cold gas are also independent of redshift with about half of them in sheets. At last, there are some pronounced differences between the two hydrodynamical simulations. While they overall give similar fractions, the hot gas fractions at high redshift differ substantially. There is noticeable difference at z = 2.1, where 96 (58) per cent of hot gas is in knots from the CSF (AGN) run. This is again due to the powerful AGN feedback, which can heat up the gas and push it outside of the halos.
DISCUSSION AND CONCLUSIONS
Using a series of cosmological simulations, which include baryonic processes with different levels of complexity, we study the distribution of matter in the large-scale environments (LSE) at four distinct redshifts. These sets of simulations allow us to explore how baryons affect the classification of the LSE: 1) a dark-matter-only run as a gauge, 2) a simulation that includes gas cooling, star formation and supernova feedback, and 3) a run that additionally models AGN feedback. To analyse all these simulations we employ the velocity shear tensor (V ) based cosmic web classification on a regular grid of co-moving spacing ∼ 1.6 h −1 Mpc. Each cell is assigned a tag 'knot', 'filament', 'sheet', or 'void' depending on how many eigenvalues are above a certain threshold λ th = 0.1, which serves as the web classifier.
In this paper, we extend the analysis presented in Paper I to higher redshifts z > 0 and quantify the detailed baryon distributions. Fig. 7 , the gas phase diagram in different LSE shown in the same columns. The total gas is separated into different LSE according to its position. From top to bottom panels, we show the result in the four redshifts. Again, the colour-maps are coming from the AGN run, while the contours are for the CSF run. The colour indicates the gas mass fraction in each region. Note that the contours use the reversed colour to highlight the difference.
negligible effect on the LSE classification. Actually, the difference is smaller at redshifts z > 0.
(ii) Using the gas component alone to classify the LSE gives consistent results to the ones obtained accounting for all the matter. Again, the difference tends to be smaller at higher redshift. This (unsurprisingly) extends our initial finding that gas web is an unbiased tracer of total matter out to high redshift, especially for the filament environment.
(iii) The gas density PDFs indicate that knots host the densest gas and the mean gas density keeps dropping from filaments to voids. This is independent of the redshift evolution of the total gas density PDFs.
(iv) By separating the gas mainly in temperature, we find about 40 per cent of gas is WHIM. The WHIM mass fraction drops with redshift, especially from z = 1 (29 per cent) to z = 2.1 (10 per cent).
(v) The detailed gas phase diagram shows the WHIM occupies the largest amount of gas in filaments. By separating the whole WHIM mass into the four LSE, about a half of the WHIM is in filaments and this fraction seems unchanged over redshift.
(vi) We do not find significant difference between the two hy- 
